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(54) Electromagnetic rotating machine 

(57) An electromagnetic rotating machine having 
drive windings and position control windings and com- 
ponents enabling operation generally in accordance 
with the following. 

The controller 82 estimates displacement of the ro- 
tor 50 by computing from the currents 1 u2, 1 v2 and 1 w2 
of the position control windings C2, the primary current 



frequency command value 2co, and the output current 
(or voltage) from the inverter 56. On the basis of the es- 
timated rotor displacement, the modulator 84, two- 
phase/three-phase converter 86 and voltage control in- 
verter 88 control the currents of the windings C2. This 
unbalances the magnetic field generated by the motor 
windings C4, so that radial magnetic force acts on the 
rotor 50 to control the rotor position. 
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Description 

The present invention relates to an electromagnetic rotating machine, and particularly to an electromagnetic ro- 
tating machine such as induction machines, synchronous machines, the stator of which has radial position control 
5 windings for the magnetic bearing function. 

In recent years, it nas been demanded that the motor speed and output be high for machine tools, turbo-molecular 
pumps, fly-wheels, etc. The bearings for these apparatuses are magnetic bearings., which are adaptable for high speed 
rotation and need no maintenance for a long time. 

Such a magnetic bearing tends to be large in size to generate sufficient force, and may have a length equal to the 
io axial length of a motor. As a result, the main shaft of the motor becomes long, so that it elastically vibrates when it 
rotates at high speed. It is therefore not easy to achieve high speed rotation. In addition, in order to achieve high motor 
power, a motor needs a longer shaft. This increases the attraction force generated by the electromagnetic machine, 
so that there is a need to enlarge the size of the magnetic bearings as well. As a result, the critical speed becomes 
low, so that it is very difficult to make the motor speed higher. 
T5 in view of such problems, in recent years, electromagnetic rotating machines with position control windings have 

been developed, in which position control windings for the magnetic bearings are added to the stators of the motors, { 
so that the shaft length is short and the speed and output are high. 

Fig. 7 of the accompanying drawings shows an electromagnetic rotating machine 30 having position control wind- 
ings. The machine 30 includes a rotor 31 , stators 32 and 34, and three-phase inverters 20, 36 and 38. 
20 The stators 32 and 34 of the motor have windings (not shown) for generating torque, which are connected with 

the inverter 20. The stators also have radial position control windings (not shown) for generating radial magnetic force 
for the rotor 31 . The inverters 36 and 38 control the currents of the radial position control windings of the stators 32 
and 34, respectively, to regulate radial positions of the rotor shaft 31. The electromagnetic rotating machine 30 has 
position control windings which can generate both torque and radial force with one stator. The machine 30 can be short 
25 in axial length compared with conventional high speed motors with magnetic bearings. If the axial shaft length is the 
same, dimension, the speed and output of the motor 30 can be high. 

Electromagnetic rotating machines with position control windings have already suggested can be reviewed as 
follows. v 

In some disc type motors, axial force is generated by varying the exciting magnetic fluxes, so that the axial position 
30 of each rotor is adjusted. This can be applied to disc type rotating machines, but this is difficult to apply to radial rotating 
machines widely used. 

In some general induction motors, the windings can be split and these currents are unbalanced to generate radial 
force for radial position control. When the rotor is positioned centrally, however, it is theoretically not possible to generate 
radial force. 

35 Japanese Patent First (before exam.) Publication S.64-55,031 discloses magnetic paths simply common to mag- 

netic bearings and a stepping motor. This method is suitable for low speed actuators, but is not suitable structurally 
for very high speed rotation since it is necessary to make the number of poles very high. It is difficult to apply this 
method to rotating machines having sinusoidal magnetomotive force distribution and/or magnetic flux distribution, which 
are/is widely used for high output induction machines, permanent magnet type motors, etc. 
40 Japanese Patent First Publication H.4-236,188 discloses art in which the number of poles is reduced, and suggests 

structure similar to conventional induction machines and permanent magnet type rotating machines. In this art, the 
stator is similar to the stator core of a four-pole switched reluctance machine. The stator has eight teeth with four-pole 
concentrated windings, which are divided with the magnetic poles sothat the magnetic flux of each pole is independently 
controlled. It is possible to generate a rotating magnetic field by varying the magnitude of the flux of each pole. It is 
45 also possible to generate radial force as conventional magnetic bearings. 

Japanese Patent First Publication H.4-107,318 discloses similar core structure, which is characterized by distrib- 
uted windings, for magnetomotive force distribution close to sinusoidal distribution. 

In the art of the last two publications, the windings are divided into four and are independently driven. If the windings 
are two-phase, there is a need of at least eight single-phase inverters and 16 wires in one unit generating radial forces 
so jn two orthogonal axes as well as torque. In addition, the radial forces and the torque are controlled with the same 
winding current, so that there is a need of a current driver ol very high speed, high precision and large capacity. 

Japanese Patent First Publication H. 2-1 93,547 discloses a four-pole electromagnetic rotating machine, which is 
provided with two-pole windings to generate radial force. This machine may be a rotating-field type motor, in which, 
by adding position control windings ach having a different number of pol s to the stator, the rotating magnetic field is 
55 positively unbalanced to generate radial force together with torque. 

Fig. 8 shows the principle of generation of radial force in an electromagnetic rotating machine of this type. The 
machine includes a rotor 40 and a stator 42, which has four-pole windings 44 for generating torque. 

If the rotor 40 is positioned coaxially with the stator 42, the windings 44 generate four-pole symmetrical magnetic 
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fluxes H4 by being supplied with positive current. A four-pole rotating magnetic field is generated by supplying two- 
phase alternating currents to the four-pole windings 44 and the other four-pole windings (not shown) perpendicular to 
them. As disclosed in Japanese Patent First Publication H.2-1 93,547. the windings may otherwise be three-phase. 
Thereby, if the rotor 40 has a cage winding, torque is generated in the rotor as the rotor of an ordinary induction machine. 
5 The stator 42 also has two-pole position control windings 46a and 46b, in addition to the four-pole windings 44. 

The windings 46a and 46b make magnetic force act radially on the rotor 40. When the winding 46a is supplied with 
positive current, two-pole magnetic fluxes H2 are generated as shown in Fig. 8. 

In this case, at the air-gap under the rotor 40 (in Fig. 8), the direction of the four-pole fluxes H4 is opposite to that 
of th two-pole fluxes H2, so that the flux density decreases. On the other hand, at the air-gap over the rotor 40, the 
10 directions of the fluxes H4 and H2 coincide, the flux density increases. 

The flux distribution is thus unbalanced, which causes a radial force F in the rotor 40, which acts upward in Fig. 
8. The force F can be adjusted by controlling the magnitude of the current flowing in the two-pole winding 46a. The 
direction of the force F can be reversed by reversing the direction of the current in the winding 46a. 

It is possible to generate radial force in the right or left direction in Fig. 8 by supplying current to the two-pole 
is winding 46b, which is perpendicular to the winding 46a. By adjusting the magnitude and directions of the currents in 
the two-pole windings 46a and 46b, ft is possible to generate a radial force in the desired magnitude and direction. 

In Fig. 8, the four-pole windings 44 are used to drive the motor, while the two-pole windings 46a and 46b are used 
for radial position control. Otherwise, the four-pole windings 44 may be used to generate radial force, while the two- 
pole windings 46a and 46b may be used to drive the motor, 
2c In an electromagnetic rotating machine which makes position control of the rotor in accordance with a principle as 

stated above, and which has three-phase windings, it is possible to generate radial force and torque with only six wires 
and two three-phase inverters. Because the windings for generating radial force are separate from those for generating 
torque, it is possible to use an inverter or a power amplifier of small power capacity for radial force control. Because 
the four-pole and two-pole windings are used, the mutual couplings are zero if the rotor is positioned centrally, and no 
2£ induced voltage of the motor is generated in the radial force control windings. Such electromagnetic rotating machines 
can be widely used as high output rotating machines such as induction machines, permanent magnet type synchronous 
machines, synchronous reluctance motors.and etc., in which sine-wave magnetomotive force distribution and/or sine- 
wave magnetic flux distribution are/is estimated. 

Fig. 9 shows the control system of an electromagnetic rotating machine with position control windings. To simplify 
so the setup, Fig. 9 shows only the system setup for two-pole radial position control. 

The control system shown in Fig. 9 consists essentially of a motor drive (circuitry) section A for applying torque to 
the rotor 50, and a position control (circuitry) section B for controlling the radial position of the rotor 50. 

In the motor drive section A, the sine-wave oscillator 52 and cosine-wave oscillator 53 generate sine and cosine 
waves, respectively, based on the primary current frequency command 2<o. The waves are multiplied by a current 
35 amplitude command value. The amplitude and phase of the current as well as the frequency are determined by motor 
drive controller (not shown) depending on motor/generator types. In the case of induction motors.field oriented con- 
trollers can br used. Vector controllers can be used in other types of electric machines. Simple v/f controllers can be 
used in accordance with loop gain adjustment of radial position radial position control loops together with main flux 
amplitide and rotational position estimater. 
40 The two-phaseAhree-phase converter 54 makes two-phaseAhree-phase conversion and outputs instantaneous 

current command values iu4, iv4 and iw4. In accordance with these values, the inverter 56 controls the currents of the 
four-pole motor windings C4. 

The air-gap lengths of the rotor 50 are detected by displacement sensors 58a and 58b. 

In the position control section B, the adders 60a and 60b compare the outputs a and p from the displacement 
45 sensors 58a and 58b with gap command values aO and (30, respectively. The errors ect and ep are inputted into the 
controllers such as PI D (proportional integration/differentiation) 62a and 62b, respectively. The controllers 62a and 62b 
generate command values Fa and Fp, respectively, which command the radial forces in accordance with the air-gap 
errors ea and ep. The modulator 64 modulates the command values Fa and Fp on the basis of the signals from the 
sine-wave oscillator 52 and cosine-wave oscillator 53, respectively, in accordance with the angle of the rotating mag- 
so netic field, which may vary depending on load conditions, and generates current command values ia and i p for the 
two-pole position control windings Na and Np. If the rotor has windings of squirrel cage type, a compensator 66 is 
provided for phase compensation, as shown in Fig. 9. The two-phase/three-phase converter 68 converts the output 
signals of the compensator 66 in two-phase axes into values in three-phase axes. In accordance with the current 
command values iu2, iv2 and iw2 from the converter 68, the inv rter 70 r gulates the winding currents lu2, Iv2 and 
55 Iw2 of the two-pole position control windings Na and Np. 

In the motor drive section A, how to generate frequency command values and current amplitude command values 
depends on the type of motors and control methods such as vector control, slip frequency control, and v/l control as 
well as constant id control. For vector control etc., the motor drive section A supplies the position control section B with 
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the amplitude and angle of the filed and etc., which are omitted from Fig. 9, in addition to the sine and cosine waves 
of the frequency. These commands can be generated based on detected shaft speeds, rotational angles and motor 
currents. 

As described above, the control system shown in Fig. 9 is very similar to the control systems of the conventional 
s magnetic bearings, except for modulation in synchronism with the rotating magnetic field. 

The conventional electromagnetic rotating machines with position control windings, however, have problems with 
the displacement sensors for detecting the displacements of their respective rotors. Specifically, since the displacement 
sensors are not necessarily mounted where radial force is generated, elastically deformabie rotors may cause instability. 
In addition, eccentricity and roughness of the sensor target surface, etc. may cause disturbance of the position control 
10 systems. It is another problem that displacement sensors themselves are expensive. 

In order to solve the above problems with displacement sensors, it is contemplated that a magnetic bearing is 
made sensorless by the following methods. 

One of the methods is to estimate the radial position variation of the main shaft from the switching frequency of a 
current controller for driving a magnetic bearing, because the switching frequency changes with the inductance input 
is from the magnetic bearing terminals. This method is resistant to noise and practical. In this method, however, even if 
the rotor is displaced, the inductance of the magnetic bearing is not very largely changed In particular, the inductance 
variation is very small near the center if differential windings are employed. The control is therefore difficult. 

In another of the methods, the relation between the voltage and current of a magnetic bearing is the function of 
the distance between the bearing and the associated main shaft, linearization is made near the operating point, and 
20 radial displacement is estimated wilh an observation apparatus or a simulator, or a controller is set up for stabilizing 
the whole system from the detected current to generate a voltage command value. This method is mathematically very 
clear, and new. It is, however, necessary to make linearization near the operating point. It is also very difficult to adjust 
parameters to set up a stabilizing controller. 

It is the object of the present invention to provide a cost-effective and reliable electromagnetic rotating machine in 
25 which the rotor displacement can be estimated without providing displacement sensors, without position estimation by 
linearization near the operating point, as implemented in the above-mentioned magnetic bearing, or position estimation 
from the amount of inductance variation in the electromagnet for the magnetic bearing, and in which stable position 
control can be made. 

In an electromagnetic rotating machine in one aspect of the invention, magnetic force generation means makes 

30 magnetic force act on the rotor by supplying position control windings with electric current to unbalance the magnetic 
field on the stator side by means of a magnetic field having poles which differ in number from those of drive windings. 
Induced state detection means detects the induced voltage or the current generated in the position control windings 
by displacement of the rotor and the rotating magnetic field generated by the drive windings. Displacement detection 
means detects the displacement of the rotor from the induced voltage or the current detected by the induced state 

35 detection means and the magnitude and speed of the rotating magnetic field generated by the drive windings. Position 
control means controls the position of the rotor by changing the magnetic force generated by the magnetic force gen- 
eration means dependently on the displacement detected by the displacement detection means. 

In an electromagnetic rotating machine in another aspect of the invention, magnetic force generation means makes 
magnetic force act on the rotor by supplying position control windings with electric current to unbalance the magnetic 

40 field on the stator side by means of a magnetic field having poles which differ in number from those of drive windings. 
Electromotive force generation means generates voltage or current which cancels the induced voltage or the current 
generated in the position control windings by displacement of the rotor and the rotating magnetic field generated by 
the drive windings. Position control means controls the position of the rotor by changing the magnetic force generated 
by the magnetic force generation means dependently on the voltage or current generated by the electromotive force 

45 generation means. *~ 

In an electromagnetic rotating machine in a further aspect of the invention, magnetic force generation means 
makes magnetic force act on the rotor by supplying position control windings with electric current to unbalance the 
magnetic field on the stator side by means of a magnetic field having poles which differ in number from those of drive 
windings. An impedance circuit determines the relation between the induced voltage and the current which are gen- 

50 erated in the position control windings by displacement of the rotor and the rotating magnetic field generated by the 
drive windings. Position control means controls the position of the rotor by changing the magnetic force generated by 
the magnetic force generation means dependently on the relation between the voltage and current, which is determined 
by the impedance circuit. 

Preferred mbodiments of the present inv ntion are described below in d tail with reference to the accompanying 
55 drawings. The invention should not be limited to the drawings exclusively for explanation. In the drawings: 

Fig. 1 is a block diagram showing the main portion of the control system of an electromagnetic rotating machine 
according to the first embodiment; 
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Fig. 2 is a cross section showing an electromagnetic rotating machine; 

Figs. 3(a) and 3(b) show displacement of a rotor on coordinate axes; 

Figs. 4(a) and 4(b) show results of inductance measurement with an actual apparatus; 

Fig. 5 is a block diagram showing the main portion of the control system of an electromagnetic rotating machine 
5 according to the second embodiment; 

Fig. 6 is a block diagram showing an example of the control system of an electromagnetic rotating machine ac- 
cording to the third embodiment; 

Fig. 7 is a perspective view partially in cross section showing an electromagnetic rotating machine with position 
control windings; 

10 Fig. 8 is a cross section showing the principle of generation of radial force in the electromagnetic rotating machine; 

Fig. 9 is a block diagram showing the control system of the conventional electromagnetic rotating machine. 

Fig. 1 schematically shows the main part in the control system of the electromagnetic rotating machine 10. In Fig. 
1 , setups and/or parts which are similar to those of the conventional machine shown in Fig. 9 are indicated by the same 
75 numerals, and are not described in detail. 

In this embodiment, the electromagnetic rotating machine 10 may be an induction motor, a synchronous motor or 
the like, which can generate a rotating magnetic field at its stator to apply torque to its rotor 50. The stator has motor 
windings C4 for generating a rotating magnetic field, and position control windings C2 for unbalancing this rotating field 
to make radial magnetic force act on the rotor 50. The principle of generation of radial force by the windings C2 is 
similar to that shown in Fig. 8. 

The electromagnetic rotating machine 1 0 includes a position control (circuitry) section B1 for controlling the currents 
of the position control windings C2. In the section B1, instead of providing a displacement sensor, the controller 82 is 
supplied with the currents Iu2 ( lv2 and Iw2 of the windings C2 ( the primary current frequency command, and the output 
current (or voltage) value of the inverter 56. The controller 82 estimates or determines radial displacement of the rotor 
25 50 from the currents Iu2, Iv2 and Iw2, etc., amplifies it with a PID, PIDD or another amplifier, and generates command 
values Fa and Fp for the radial force acting on the rotor 50 so that the displacement is zero. 

The controller 82 is connected to the modulator 84, which modulates the command values Fa and Fp tn accordance 
with the angle of the rotating field, on the basis of the signals from the sine wave oscillator 52 and cosine wave oscillator 
53 of a motor drive (circuitry) section A. The modulated command values are supplied to the two-phase/three-phase 
30 converter 86 as two-pole winding voltage command values va and vp, which command the voltages of the position 
control windings C2. The converter 86 converts the values va and vP on two-phase axes into voltage command values 
vu2, w2 and vw2 on three-phase axes, which are then supplied to the voltage control inverter 88. If the windings were 
two-phase, the converter 86 could be omitted, so that the voltage command values va and vP from the modulator 84 
might be directly supplied to the inverter 88. 
35 The voltage control inverter 88 generates output voltages Vu2, Vv2 and Vw2 depending on the voltage command 

values vu2 t w2 and vw2, respectively. The output voltages are applied to the position control windings C2. 

The setup of the motor drive section A is similar to that shown in Fig. 9. 

The operation of the embodiment thus set up is explained below. 

First explanation is made of the theory of estimating in the controller 82 displacement of the rotor 50 from the 
40 currents Iu2, Iv2 and Iw2 of the position control windings C2, the primary current frequency command, and the output 
current (or voltage) value from the inverter 56. To simplify the explanation, the following explanation is made of a case 
where the motor windings and position control windings on the stator are two-phase four-pole motor windings Na and 
Nb and two-phase two^ole position control windings N a and Np, respectively. 

Fig. 2 schematically shows the electromagnetic rotating machine in cross section. Figs. 3(a) and 3(b) represent 
45 displacement of the rotor 12 on coordinate axes. In each of Figs. 3(a) and 3(b), the axes of abscissa and ordinate are 
referred to as a-axis and p-axis, respectively. gO represents the gap when the rotor 12 is position coaxially with the 
stator 14. It is assumed that the magnetomotive force distribution of the windings Na, Nb, Na and Np is sinusoidal, 
that magnetic saturation and space harmonics of a slot etc. are neglected, and that the gap permeance between the 
stator 14 and rotor 12 when the rotor is positioned coaxially with the stator is a constant value. 
so On such assumptions, the magnetomotive forces of the windings Na, Nb, Na and Np per unit current are repre- 

sented by the following equations (1 )-(4). 

Aa = -N 4 cos(2 $s) (1) 

55 

Ab=-N 4 sin (2 $s) (2) 
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Aa = N 2 cos((()s) (3) 

AP = -N 2 sin((()S) (4) 

In these equations, Aa and Ab represent the magnetomotive forces of the two-phase four-pole motor windings Na 
and Nb, respectively, while Aa and A(5 represent the magnetomotive forces of the two-phase two-pole position control 
windings Na and Np, respectively. N4 and N2 represent the fundamental waves of the magnetomotive forces per unit 
current of the four-pole and two-pole windings, respectively. <^s represents the angle along the inner su rface of the stator 

It is assumed, as shown in Figs. 3(a) and 3(b), that the rotor 12 is displaced in the stator 14 by a distance x along 
the a-axis and a distance y along the p-axis, that the air-gap is sufficiently small in comparison with the radius of the 
rotor, and that the displacement of the rotor is sufficiently small in comparison with the air-gap. Then, the permeance 
P0 per unit radian is represented by the following equation (5). 

P 0 =(Mo R1/ 9 0 )I 1 9 0 ) * cos(<t>s)-(y/ g 0 ) . sin($s)] (5) 

In this equation, R represents the radius of the rotor 1 2. 1 represents the axial length of the core, represents the 
magnetic permeability in the air. The magnetic fluxes *Fa, *Fb, 4*a and *Fp when the windings Na : Nb, Na and Np are 
excited with a unit current are found from the permeance and magnetic potential by the following equations (6)-(9). 

¥a = P 0 (Aa/2) (6) 
¥b = P Q (Ab/2) (7) 

i _ 

Va=P 0 (Ao/2-N 2 .x/4g 0 ) (8) 
^P=P 0 (Ap/2-N 2 .y/4g 0 ) (9) 



If the flux linkages at the windings Na, Nb.N a and Np are Xa, Xb, Xa and Xp, respectively, in number, while the 
momentary currents in the windings Na, Nb,N a and Np are ia, ib, ia and ip, respectively, the following matrix equation 
(10) can be defined in consideration of the symmetry of inductance. 
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These inductances can be found by integrating the magnetic flux distribution derived in(6-9). For example, the 
self -inductance l_a of the a-phase four-pole motor winding is xpressed by the following equation (11). 



La = (1/2) " jH'a . Aad$s = \x 0 n 1 RN 4 2 /4g 0 
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The mutual inductance Maa between the a-phase four-pole motor winding and a-phase two-pole position control 
winding is expressed by the following equation (1 2). 



Maa = (1/2) ■ J^a - Aad<(>s =(u. 0 n 1 RNL N/g Q ) ( -x) 



(12) 



10 



The integration of Id <t>s ranges between 0 and 2k. Next, likewise, if the equation (10) is solved with respect to the 
respective inductances, the solutions are expressed by the following determinants (13)-(15). 
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55 



Therefore, the equations (1 3) and (14) show that the self-inductances La, Lb, La and Lp of the respective windings 
do not depend on the displacement of the rotor 12, but are constant. They also show that the mutual inductance Mab 
between the four-pole motor windings Na and Nb and the mutual inductance Map between the two-pole position control 
windings N a and Np are zero. In addition, the equation (15) shows that the mutual inductances Ma a, Mba, Map and 
Mbp of the four-pole motor windings Na and Nb and the position control windings Na and Np, respectively, are pro- 
portional to the displacement of the rotor 1 2. 

Figs. 4(a) and 4(b) show the results of measurement of the inductances with an actual apparatus. 

If the rotor 1 2 is displaced in the direction a in Fig. 3(a), the mutual inductance Mbp is proportional to the displace- 
ment, as shown in Fig. 4(a), while the mutual inductance Ma a is inversely proportional to the displacement. The mutual 
inductance Map and Mba are zero. If the rotor 1 2 is displaced in the directionp in Fig. 3(a), the mutual inductances Ma 
P and Mb a ar proportional to th displac m nt as shown in Fig. 4(b), although Maa and Mbp are zero. 
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When the rotor 12 is displaced in any direction, the variations in mutual inductances Mab, Map, Mba and Ma p 
are significant in comparison with the other inductances, and near to zero. When the rotor 12 is displaced in any of the 
directions a and p, the sell-inductances La, Lb, La and LP are nearly constant values. 
Therefore, these results support or prove the equations (13)-(15). 
s The above shows that displacement of the rotor 1 2 can be estimated from the mutual inductance matrix M42 

without providing displacement sensors. 

Specifically, if the rotor 12 is positioned coaxially with the stator 14 M42 is zero so that no electromotive force is 
induced in the two-pole position control windings N a and Np. If the rotor 1 2 is radially displaced, however, M42 is not 
zero, so that voltages are induced due to the rotating magnetic field of the four-pole motor windings Na and Nb. Since 
10 M42 is proportional to the displacement of the rotor 12, as stated above, the induced voltages are proportional to the 
rotor displacement and the magnitude and speed of the rotating field of the motor windings Na and Nb. This shows 
that the terminal voltages of the position control windings N a and Np contain components in proportion to the radial 
displacement of the rotor 12. 

It is therefore possible to estimate displacement of the rotor 12 by detecting the induced voltages or the currents 
* s in the position control windings N a and Np, and calculating or computing from the detected values and the magnitude 
and speed of the rotating field of; the motor windings Na and Nb. If the magnitude of the rotating field is fixed, it is 
possible to estimate the displacement by calculating from the induced voltages or the currents in the position control 
windings N a and N p and the speed of the rotating field. 

It is also possible to detect PWM carrier frequency component, i.e., seven space voltage vectors including zero 
20 vector in the case of three-phase windings. If the motor voltage vectors are detected, or motor voltage vector commands 
are detected, it is possible to establish rotor radial displacements detecting induced voltage vectors in position control 
windings. 

It is very possible that current source inverters or current controlled voltage source inverters can be employed. 
The PWM carriers in the above paragraph can be replaced by high frequency signals injected by external signal gen- 
2S erator. 

The above is explanation of the two-phase four-pole motor windings Na and Nb and two-phase two-pole position 
control windings Na and Np. It is also possible to detect, in accordance with a similar principle, the rotor position for 
two-phase two-pole motor windings and two-phase four-pole position control windings, and even for three-phase wind- 
ings as is the case with this embodiment. 
30 The operation of the electromagnetic rotating machine 10 is explained below. 

In this embodiment, the inverter 56 of the motor drive section A makes three-phase symmetric currents flow in the 
motor windings C4, so that a rotating magnetic field is generated on the stator side. In addition as shown in Fig. 8, the 
position control windings C2 positively unbalance the magnetic flux density, so that radial force acts on the rotor 50 to 
magnetically float it The voltage control of the windings C2 by the position control section B1 controls the floating 
3S position so that the rotor floats in position (stator center). Thus, the rotor 50 is driven for non-contact rotation. 

In the position control of the rotor 50, it the rotor is positioned coaxially with the stator, the mutual inductance matrix 
M (equivalent or corresponding to M42) between the motor windings C4 and position control windings C2 is zero, in 
accordance with the above principle, so that the windings C4 induce no electromotive force in the windings C2. 

If the rotor 50 is radially displaced, the mutual inductance matrix M is not zero, so that electromotive forces are 
40 induced in the position control windings C2 due to the rotating magnetic field of the motor windings C4. 

The mutual inductance matrix M is proportional to the displacement of the rotor 50, in accordance with the above 
principle. Therefore, the induced voltages are proportional to the displacement of the rotor 50 and the speed and 
magnitude of the rotating magnetic field of the motor windings C4. That is to say, the terminal voltages of the position 
control windings C2 contain components in proportion to the radial displacement of the rotor 50. 
45 The controller 82 is supplied with the currents Iu2 r Iv2 and Iw2 of the position control windings G2. The controller 

82 estimates displacement of the rotor 50 by calculating from these currents, the primary current Irequency command 
2 (o, which is the speed of the rotating magnetic field, and the output current (or voltage) value from the inverter 56 for 
estimating the magnitude of the rotating field. The controller 82 then compares the estimated displacement with gap 
command values (not shown), and generates command values Fa and FP for commanding the force in the direction 
so which makes the gap errors zero. Voltages are then applied through the modulator 84, two-phase/three-phase converter 
86 and voltage control inverter 88 to the position control windings C2. The position of the rotor 50 is controlled so that 
the currents based on the rotor displacement are specified values. 

It is also possible to estimate rotor radial positions from carrier frequency components. As the voltage source 
inveter generate PWM carri r fr quency components, there exist PWM frequency compon nts at radial position control 
ss windings. Detecting the voltage vectors, i.e., instantaneous voltage, rotor radial displacements can be estimated, be- 
cause these induced voltages are generated by mutual inductances between motor windings and radial position control 
windings, thus, functions of the rotor radial displacement. 

As described above, in the el ctromagnetic rotating machine 10 of this embodiment, the position of the rotor 50 
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is controlled without providing displacement sensors, it is ther fore possible to reduce the number of wir s and raise 
the reliability. In addition, because of no displacement sensors, the costs can be low. Furthermore, collocation cannot 
occur, which would be a problem with an elastic rotor. 
The second embodiment is described below. 
s Fig. 5 shows the main portion in the control system of the electromagnetic rotating machine according to the second 

embodiment. In Fig. 5, setups and/or parts which are similar to those of the first embodiment are indicated by the same 
numerals, and are not described in detail. 

In this embodiment, the control system is a simplification of that in the first embodiment. The controller 90 of the 
position control section B2 is set up with a transfer function for stabilizing the radial system. 
io Specifically, the controller 90 reconfigures or reconstructs the transfer function for stabilizing the radial system, by 

having the function of estimating the displacement by receiving the currents Iu2, Iv2 and lw2(or voltage) of the position 
control windings C2 and calculating from these currents, the primary current frequency command 2 a>, which is the 
speed of the rotating magnetic field, and the output voltage (or current) from the inverter 56 for estimating the magnitude 
of the rotating filed, and the functions, explained in the first embodiment, of the circuit for generating the command 
is values F a and FfS, the modulator 84 and the two-phase/three-phase converter 86. 

Consequently, the controller 90 detects the currents I u2 ( Iv2 and I w2 (or voltage vu2,w2,vw2)of the position control 
windings C2 as inputs, calculates the voltage (or current)command values for stabilizing the radial system, and outputs 
the values vu2, w2 and vw2 (or current iu2 ( tv2 I iw2)to the voltage control inverter 92. On the basis of these signals, 
the inverter 92 outputs voltages Vu2, Vv2 and Vw2 (or regulate currents Iu2, Iv2, iw2) to the windings C2 to control the 
2** position of the rotor 50. 

In these two embodiments, the radial position of the rotor 50 is estimated from the currents of the position control 
windings C2. Otherwise, the rotor position may be controlled by estimating the radial position of the rotor 50 from the 
induced voltages of the windings C2, calculating the current command values for stabilizing the radial system : and 
outputting the values from an inverter. Kt 
2S it is also possible to control instantaneous reactive power and active power to find out the method of stabilization. 

In this case, the inverter 92 can be seen as active power filter which generates a negative self-inductance as well as 
negative resistance, i.e., close to La and Lp and these winding resistance. The inverter 92 also give enough damping 
and stiffness to levitate the shaft The active power filter, i.e., active damping generator in radial rotor position control, 
can be accompanied with passive inductance circuits, capacitance and resistance. These circuits need no information 
30 from motor drive inverter, thus can be installed in bearingless motor units. 

The third embodiment is described below. Setups and/or parts which are similar to those of the first embodiment 
are indicated by the same numerals, and are not described in detail. 

In this embodiment, the stator (not shown) has four-pole motor windings C4 and two-pole position control windings 
C2. The windings C4 are connected with a motor drive section A for controlling their drive currents. 
35 in this embodiment, the position control windings C2 form a closed circuit by shorting their terminals. The voltage 

induced in the closed circuit when the motor is driven causes radial force which keeps the rotor 50 always coaxial with 
the stator. 

Specifically, as stated above, voltages are induced in the position control windings C2 in proportion to the displace- ■ 
ment of the rotor 50 and the magnitude and speed of the rotating magnetic field of the motor windings C4. Therefore, 
40 as is the case with this embodiment, by shorting the terminals of the windings C2 to form a closed circuit, voltage is 
induced in the closed circuit in such a direction so as to cancel the rotor displacement. The induced voltage makes 
current flow which generates radial force for keeping the rotor 50 always coaxial with the stator, so that the rotor position 
is controlled. 

If the position control windings C2 have winding resistance, however, the radial force is not very large when the 
-<5 induced voltages are low. Nevertheless, if the rotating speed and the induced voltages of the windings C2 increase, 
the current increases. As a result, large radial force is generated, so that it is possible to realize the control for always 
keeping the rotor 50 coaxial with the stator. 

If the position control windings C2 consist of superconductors and/or low resistors, the winding resistance is nearly 
zero, so that even low induced voltage can make large current flow. It is therefore possible to realize the control for 
50 always keeping the rotor 50 coaxial with the stator. 

By providing the position control windings C2 with an RLC circuit 94 as shown in Fig. 6, it is possible to reduce 
the damping at low frequencies with the capacitor C and the damping at high frequencies with the inductor L. In other 
words, it is possible to determine the speed at which the rotor starts floating in a low speed range s and to keep the 
position control current from being too large when th induced voltage is high in a high speed range. 
55 in this method, as compared with the first and second embodiments, the setup can be simple and the costs can 

be low, since it is possible to omit the controller, the inverter, the current detector, etc. for position control. 

In each of the embodiments, the motor windings C4 and position control windings 02 are four-pole and two-pole 
windings, respectively. Contrariwise, the windings C4 and C2 may be two-pole and four-pole, respectively. 
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Each of the embodiments is exemplified by an electromagnetic rotating machine driven as a motor. Otherwise, the 
present invention may be applied to an electromagnelic rotating machine driven as a generator as well. 

Claims 

1. An electro magnetic rotating machine driven by an electromagnetic action between a stator and a rotor, said ma- 
chine comprising 

drive windings fitted to said stator, 

position control windings fitted to said stator for generating a magnetic field having poles which are different 
in number from those of said drive windings, 

magnetic force generation means for making magnetic force act on said rotor by supplying said position control 
windings with electric current to unbalance the magnetic field on the stator side, 

induced state detection means for detecting the induced voltage or the current generated in said position 
control windings by displacement of said rotor and the rotating magnetic field generated by said drive windings, 
displacement detection means for detecting the displacement of said rotor from the induced voltage or the 
current detected by said induced state detection means and the magnitude and speed of the rotating magnetic 
field generated by said drive windings, and 

position control means for controlling the position of said rotor by changing the magnetic force generated by 
said magnetic force generation means dependently on the displacement detected by said displacement de- 
tection means. 

2. An electromagnetic rotating machine driven by an electromagnetic action between a stator and a rotor, said ma- 
chine comprising 

drive windings fitted to said stator, 

position control windings fitted to said stator for generating a magnetic field having poles which are different 
in number from those of said drive windings, 

magnetic force generation means for making magnetic force act on said rotor by supplying said position control 
windings with electric current to unbalance the magnetic field on the stator side, 

electromotive force generation means for generating voltage or current which cancels the induced voltage or 
the current generated in said position control windings by displacement of said rotor and the rotating magnetic 
field generated by said drive windings, and 

position control means for controlling the position of said rotor by changing the magnetic force generated by 
said magnetic force generation means dependently on the voltage or current generated by said electromotive 
force generation means. 

3. An electromagnetic rotating machine driven by an electromagnetic action between a stator and a rotor, said ma- 
chine comprising 

drive windings fitted to said stator, 

position control windings fitted to said stator for generating a magnetic field having poles which are different 
in number from those of said drive windings, 

magnetic force generation means for making magnetic force act on said rotor by supplying said position control 
windings with electric current to unbalance the magnetic field on the stator side, 

an impedance circuit for determining the relation between the induced voltage and the current which are gen- 
erated in said position control windings by displacement of said rotor and the rotating magnetic field generated 
by said drive windings, and 

position control means for controlling the position of said rotor by changing the magnetic force generated by 
said magnetic force generation means dependently on the relation between the voltage and current, which is 
determined by said impedance circuit. 

4. An electromagnetic rotating machin driven by an lectromagnetic action betw en a stator and a rotor, said ma- 
chin comprising 

driv windings fitted to said stator, , 

position control windings fitted to said stator for generating a magnetic field having poles which are different 
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in number from those of said drive windings, 

magnetic force generation means for making magnetic force act on said rotor by supplying said position control 
windings with electric current to unbalance the magnetic field on the stator side, 

induced state detection means for detecting the induced voltage or the current generated in said position 
s control windings by displacement of said rotor and the PWM voltage space vectors generated by said drive 

windings, 

displacement detection means for detecting the displacement of said rotor from the induced voltage or the 
current detected by said induced state detection means and space vectors of motor applied voltage generated 
by said drive windings, and 

10 position control means for controlling the position of said rotor by changing the magnetic force generated by 

said magnetic force generation means dependency on the displacement detected by said displacement de- 
tection means. 

5. An electromagnetic rotating machine driven by an electromagnetic action between a stator and a rotor, said ma- 
is chine comprising 

drive windings fitted to said stator, 

position control windings fitted to said stator for generating a magnetic field having poles which are different 
in number from those of said drive windings, 

magnetic force generation means formaking magnetic force act on said rotor by, supplying said position control 
windings with electric current to unbalance the magnetic field on the stator side, 

induced state detection means for detecting the induced voltage or the current generated in said position 
control windings by displacement of said rotor and the injected high frequency carrier generated by said drive 
windings, 

displacement detection means for detecting the displacement of said rotor from the induced voltage or the 
current detected by said induced state detection means and injected high frequency carrier generated by said 
drive windings, and 

position control means for controlling the position of said rotor by changing the magnetic force generated by 
said magnetic force generation means dependently on the displacement detected by said displacement de- 
tection means. 

An electromagnetic rotating machine driven by an electromagnetic action between a stator and a rotor, said ma- 
chine comprising 

drive windings fitted to said stator, 

position control windings fitted to said stator for generating a magnetic field having poles which are different 
in number from those of said drive windings, 

magnetic force generation means for making magnetic force act on said rotor by supplying said position control 
windings with electric current to unbalance the magnetic field on the stator side, 

induced state detection means for detecting the induced voltage or the current generated in said drive windings 
by displacement of said rotor and the PWM voltage space vectors generated by said drive windings, 
displacement detection means for detecting the displacement of said rotor from the induced voltage, or the 
current detected by said induced state detection means and space vectors of motor applied voltage generated 
by said drive windings, and 

position control means for controlling the position of said rotor by changing the magnetic force generated by 
said magnetic force generation means dependently on the displacement detected by said displacement de- 
tection means. 

7. An electromagnetic rotating machine driven by an electromagnetic action between a stator and a rotor, said ma- 
so chine comprising 

i. . ■ . 

drive windings fitted to said stator, 

position control windings fitted to said stator for generating a magnetic field having poles which are different 
in number from those of said driv windings, 
55 magnetic force generation means for making magnetic force act on said rotor by supplying said position control 

windings with electric current to unbalance the magnetic field on the stator side, 

induced state detection means for detecting the induced voltage or th current generated in said position 
control windings by displacement of said rotor and the PWM voltage space vectors generated by said position 



11 



N<3rvnr:irv ^cd n7aon7BA9 t > 



EP 0 739 078 A2 

control windings, 

displacement detection means for detecting the displacement of said rotor from the induced voftage or the 
current detected by said induced state detection means and space vectors of motor applied voltage generated 
by said position control windings.and 

position control means for controlling the position of said rotor by changing the magnetic force generated by 
said magnetic force generation means dependently on the displacement detected by said displacement de- 
tection means. 

8. An electromagnetic rotating machine driven by an electromagnetic action between a stator and a rotor, said ma- 
chine comprising 

drive windings fitted to said stator, 

position control windings fitted to said stator for generating a magnetic field having poles which are different 
in number from those of said drive windings, 

magnetic force generation means for making magnetic force act on said rotor by supplying said position control 
windings with electric current to unbalance the magnetic field on the stator side, 

induced state detection means for detecting the induced voltage or the current generated in said drive windings 
by displacement of said rotor and the injected high frequency carrier generated by said drive windings, 
displacement detection means for detecting the displacement of said rotor from the induced voltage or the 
current detected by said induced state detection means and injected high frequency carrier generated by said 
drive windings, and 

position control means for controlling the position ot said rotor by changing the magnetic force generated by 
said magnetic force generation means dependently on the displacement detected by said displacement de- 
tection means. 

9. An electromagnetic rotating machine driven by an electromagnetic action between a stator and a rotor, said ma- 
chine comprising 

drive windings fitted to said stator, 

position control windings fitted to said stator for generating a magnetic field having poles which are different 
in number from those of said drive windings, 

magnetic force generation means for making magnetic force act on said rotor by supplying said position control 
windings with electric current to unbalance the magnetic field on the stator side, 

induced state detection means for detecting the induced voltage or the current generated in said position 
control windings by displacement of said rotor and the injected high frequency carrier generated by said po- 
sition control windings. 

displacement detection means for detecting the displacement of said rotor from the induced voltage or the 
current detected by said induced state detection means and injected high frequency carrier generated by said 
position control windings, and 

position control means for controlling the position of said rotor by changing the magnetic force generated by 
said magnetic force generation means dependently on the displacement detected by said displacement de- 
tection means. 

10. An electromagnetic rotating machine driven by an electromagnetic action between a stator and a rotor, said ma- 
chine comprising 

drive windings fitted to said stator, 

position control windings fitted to said stator for generating a magnetic field having poles which are different 
in number from those of said drive windings, 

magnetic force generation means for making magnetic force act on said rotor by supplying said position control 
windings with electric current to unbalance the magnetic field on the stator side, 

an active power filter and passive circuit for determining the relation between the induced voltage and the 
currents which are generated in said position control windings by displacement of said rotor and the rotating 
magnetic field generat d by said driv windings, and 

position control means for controlling the position of said rotor by changing the magnetic force generated by 
said rnagn tic force generation means dependently on the relation between the voltage and current, which is 
determined by said active power filter and passive circuits. 
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fig. 4(a) DIRECTION a 
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The controller 82 estimates displacement of the ro- 
tor 50 by commuting from the currents 1 u2, 1 v2 and 1 w2 
of the position control windings C2, the primary current 
frequency command value 2©, and the output current 
(or voltage) from the inverter 56. On the basis of the es- 
timated rotor displacement, the modulator 84, two- 
phaseAhree-phase converter 86 and voltage control in- 
verter 88 control the currents of the windings C2. This 
unbalances the magnetic field generated by the motor 
windings C4, so that radial magnetic force acts on the 
rotor 50 to control the rotor position. 
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The Search Division considers that the present European patent application does not comply with the 
requirements of unity of invention and relates to several inventions or groups of inventions, namely; 

1. Claims: 1-4, 10 

Control of a magnetic bearing using displacement depending 
variations of the mutual inductances between drive windings 
and position control windings 

2. Claims: 6-9 

Control of a magnetic bearing using displacements depending 
variations of the self inductances of drive windings or 
position control windings 



